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This thesis covers the key areas of numerical simulation of sand casting process to 
evaluate the runner and gating system of sand mold. The major experimental work is 
focused on grain refinement and modification of LM6 A1-Si sand casting. The 
simulation software package used is MAGMAsoft and the sand casting process 
employed is COz sand casting. The numerical results of MAGMAsoft match 
qualitatively with the experimental data. This validates the use of MAGMAsoft to 
simulate sand casting process to assist in mold design and prediction of flow and 
solidification characteristics. 
The implementation of experimental work to ascertain flow and solidification 
characteristics of sand casting has been performed on a casting designed with varying 
thickness of different moduli. The casting metal used is LM6 A1-Si alloy. The cooling 
rate of sand casting has been correlated with the modulus of casting. The mechanical 
mechanical properties of hardness and ultimate tensile strength have been correlated 
with the solidification rate. The secondary dendrites arm spacing (SDAS) is also 
found to have linear correlation with section modulus. This provides important and 
useful information to product design of sand casting about how to optimize the 
section thickness to achieve the desired mechanical properties. 
An investigation is carried out to study how to further enhance the mechanical 
properties of LM6 A1-Si alloy sand casting by adding the commercial grain refiner of 
Al-5Ti-1B into the melt at different inoculation levels of 0.25, 0.5, 0.75 and 1.0% 
weight. The results show that 0.5% weight of A1-5Ti-1B grain refiner is the optimal 
level to grain refine and enhance the mechanical properties of LM6 sand casting. The 
microstructural analysis shows that grain size is reduced when the casting solidifies 
with faster cooling rate due to the addition of grain refiner. This renders significant 
effect to enhance the mechanical properties of the casting. The improvement of grain 
refinement is quantified by measuring the hardness, ultimate tensile strength (UTS) 
and elongation (strain) of the cast samples. Inoculation with 0.5% weight of 
Al-5Ti-1B grain refiner has attained UTS of 167.86 MPa, maximum hardness of 65.6 
Rockwell and fracture strain of 0.0314. A further investigation has been carried out 
to add 0.5% weight of A1-1OSr and 0.5% weight of Al-5Ti-1B into the melt to cast 
the same part. Similar mechanical tests and microstructural analysis are performed to 
study the combination effect of strontium, titanium and boron on LM6 sand castings. 
It is discovered that the ultimate tensile strength of the castings is further improved 
to 174.46 MPa and the morphology has been modified. However, the hardness of 
Sr-modified LM6 sand casting only achieves a maximum value of 63.34 Rockwell 
which is not a significant improvement. Modification of LM6 by strontium only 
alters the morphology of the silicon eutectic to be more fibrous instead of acicular so 
that the structure would not be brittle relative to unmodified structure and it is found 
that the ductility after modification achieves a fi-acture strain of 0.032 which is 
higher than the 0.0267 of unmodified LM6. The cooling curve shows that the 
solidification is dramatically transformed to eutectic solidification at temperature 
around 540 O C .  This mixture of grain refiner and modifier is termed "hybrid 
modifier" by the author. 
Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 
memenuhi keperluan untuk Ijazah Doktor Falsafah. 
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Tesis ini merangkumi bidang simulasi numerikal untuk proses penuangan acuan 
pasir untuk menilai sistem larian dan get bagi acuan pasir. Ujikaji yang diberi 
tumpuan utama ialah penghalusan saiz butiran mickrostruktur dan modifikasi 
mikrostruktur bagi produk tuangan acuan pasir LM6 Al-Si. Perisian simulasi yang 
digunakan ialah MAGMAsoft dan proses penuangan acuan pasir ialah proses karbow- 
___ _.___-.-.- - .. - 
dioksida. Keputusan numerikal MAGMAsoft dibandingkan secara kualitatif dengan 
data ujikaji menunjukkan mereka sepadan. Ini mengesahkan penggunaan MAGMAsofi 
untuk simulasi proses penuangan acuan pasir dapat membantu rekabentuk acuan dan 
meramalkan sifat pengaliran dan pembekuan proses tersebut. 
Pelaksanaan kerja ujikaji untuk mengkaji proses pengaliran dan pembekuan acuan 
pasir telah dilakukan ke atas satu tuangan yang direkabentuk dengan ketebalan yang 
berbeza, iaitu modulus setiap keratannya berlainan. Bahan logam untuk tuangan 
ialah aloi aluminium-silikon LM6. Kadar pembekuan tuangan telah dihubungkait 
dengan modulus keratannya. Sifat mekanikal seperti kekerasan dan kekuatan 
tegangan muktamad juga dihubungkait dengan kadar pembekuan. Jarak sekundar 
antara dendrit (SDAS) juga didapati mempunyai korelasi linear dengan modulus 
keratan. Ini memberikan maklumat yang penting dan berguna untuk rekabentuk 
acuan pasir supaya dapat mengoptimurnkan modulus keratan demi mencapai sifat 
mekanikal yang dikehendaki. 
Satu kajian telah dijalankan untuk mengkaji bagaimana memperbaiki sifat mekanikal 
aloi LM6 dalam tuangan acuan pasir secara menambahkan penghalus butiran 
mikrostruktur A1-5Ti-1B ke dalam peleburan pada peratusan berat 0.25,0.5, 0.75 dan 
1 .O. Keputusan ujikaji menunjukkan peratusan berat sebanyak 0.5 A1-5Ti-1B adalah 
tahap yang optimum untuk menghaluskan saiz butiran mikrostruktur dan 
memperbaiki sifat mekanikal tuangan LM6. Analisis mikrostruktur menunjukkan 
saiz butiran mikrostruktur berkurang bila tuangan membeku dengan kadar yang lebih 
cepat akibat penambahan penghalus butiran mikrostruktur tersebut. Ini memberi 
kesan yang ketara dalam pembaikan sifat mekanikal tuangan. Penambahbaikan 
penghalusan saiz butiran mikrostruktur dinyatakan secara pengukuran kekerasan, 
kekuatan tegangan muktamad (UTS) dan keterikan sampel-sampel yang dihasilkan. 
Inokulasi dengan 0.5% keberatan Al-5Ti- 1 B penghalus butiran mencapai UTS 
167.86 MPa, kekerasan maksima 65.6 Rockwell dan keterikan patah 0.0314. 
Penyelidikan lanjut dijalankan dengan menambahkan Al-1OSr dan A1-5Ti-1B 
sebanyak 5 peratus keberatan masing-masing ke dalam peleburan untuk membuat 
tuangan yang sarna. Ujian mekanikal dan analisis mikrostruktur yang sama 
dijalankan untuk mengkaji kesan penggabungan antara strontium, titanium dan boron 
ke atas tuangan LM6. Adalah didapati kekuatan tegangan muktamadnya meningkat 
ke 174.46 MPa dan bentuk mikrostrukturnya telah diubah. Walaubagaimanapun, 
kekerasannya hanya mencapai Nilai maksiam 63.34 Rockwell d m  tidak 
menunjukkan kesan pembaikan yang ketara. Modifikasi LM6 dengan strontium 
hanya mengubah morfologi eutektik silicon kepada bentuk yang lebih halus dan 
bukan berbucu tajam supaya strukturnya tidak rapuh jika dibanding dengan 
structure yang tidak diubah; adalah didapati kelenturan selepas modifikasi mencapai 
keterikan patah 0.032 yang lebih tinggi daripada 0.0267 yang didapati pada LM6 
asal. Graf suhu pembekuan menunjukkan proses pembekuan telah berubah kepada 
pembekuan eutektik pada suhu kira-kira 540°C. Campuran penghalus butiran 
mikrostruktur dan pengubah itu dinamakan sebagai "hybrid modifier". 
vii 
ACKNOWLEDGEMENTS 
The author would like to take this opportunity to express his sincere gratitude to the 
project supervisor Associate Professor Dr. Shamsuddin Sulaiman for his willingness 
to help carry out the experiments, instructions to use laboratory equipment, supply of 
relevant materials on the subject matter, thorough checking of my writings, precious 
advices on necessary amendment and valuable encouragement, inspiration and 
motivation throughout the project. In fact, his superior supervision is unmatchable 
and indispensable to the success of this project. Similar gratitude is also extended to 
members of supervisory committee Professor Dr. Abdel Majid Harnouda and 
Associate Professor Dr. Megat Mohamad Harndan Megat Ahrnad for their valuable 
feedbacks and discussions on the project's related matters. 
The author is also greatly indebted to those who had duly helped in various aspects 
of the project, especially the technical staff of foundry and laboratory of mechanics 
of solid. They are Mr. Ahrnad Shaifuddin Ismail, Mr. Muhammad Wildan Ilyas b. 
Mohamed Ghazali and Miss Nora. A sincere gratitude is also extended to Institute of 
Bioscience, Institute of Advanced Technology Universiti Putra Malaysia (ITMA) and 
SIRTM Malaysia for using their facilities of optical and scanning electron 
microscopes. 
Thanks are also given to the author's family members for their financial support and 
encouragement in my study life. 
. . . 
Vl l l  
I certify that an Examination Committee has met on 31d January 2006 to conduct the 
final examination of Lim Ying Pio on his Doctor of Philosophy thesis entitled 
"Effects of Grain Refinement on the Cooling Rate, and Microstructural and 
Mechanical Properties of Al-Si Sand Castings" in accordance with Universiti 
Pertanian Malaysia (Higher Degree) Act 1980 and Universiti Pertanian Malaysia 
(Higher Degree) Regulations 198 1. The Committee recommends that the candidate be 
awarded the relevant degree. Members of the Examination Committee are as follows: 
Wong Shaw Voon, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Chairman) 
Ir. Barkawi Sahari, PhD 
Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
Napsiah Ismail, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
Nabil Bassim, PhD 
Professor 
Department of Mechanical & Industrial Engineering 
University of Manitoba 
(External Examiner) 
~ r o f e s s o r / ~ e b b t ~  Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
Date : 27 MAR 2006 
This thesis submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfilment of the requirement for the degree of Doctor of Philosophy. The 
members of the Supervisory Committee are as follows: 
Shamsuddin Bin Sulaiman, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(C hairrnan) 
Abdel Majid Hamouda, PhD 
Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Member) 
Megat Mohamad Hamdan Megat Ahmad, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Member) 
AINI IDERIS, PhD 
Professor/Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
DECLARATION 
I hereby declare that the thesis is based on my original work except for quotations 
and citations which have been duly acknowledged. I also declare that it has not been 
previously or concurrently submitted for any other degree at UPM or other 
institutions. 
LIM YING P I 0  
Date: 28 /o 7 2006 






LIST OF TABLES 
LIST OF FIGURES 




1.2 Problem Statements 
1.3 Objectives 
1.4 Thesis layout 
THEORETICAL BACKGROUND AND 
LITERATURE REVIEW 
2.1 Introduction 
2.2 General aspects of casting process 
2.3 Sand casting process 
2.4 Carbon dioxide sand casting 
2.5 Metal delivery system 
2.5.1 Gating system 
2.5.2 Feeding system 
2.6 Thermodynamics of solidification 
2.6.1 The undercooling requirement 
2.6.2 Kinetic undercooling 
2.6.3 Curvature undercooling 
2.6.4 Thermal undercooling 
2.6.5 Constitutional undercooling 
2.7 Development of cast structure 
2.7.1 Nucleation 
2.7.2 Grain growth 
2.8 Eutectic and peritectic solidifications 
2.8.1 Eutectic solidification 
2.8.2 Peritectic solidification 
2.9 Solidification of aluminium-silicon alloys 
2.10 Grain refinement of Al-Si alloys 
2.1 0.1 Phase diagram theories 





. . . 







2.10.3 Theories based on both phase diagram and 
particles 
2.10.4 Contemporary review of researches on 
mechanism of grain refinement 
2.1 1 Modification of Al-Si alloys 
2.12 Contemporary review of researches on numerical 
simulation of casting processes 
2.13 Conclusion and summary 
METHODOLOGY 
3.1 Methodology of Casting Simulation 
with MAGMAsoft 
3.2 Three-dimensional modeling of the Mold System 
3.3 Setting Simulation Parameters 
3.4 Experimental Procedure 
3.4.1 Mould Design and Construction 
3.4.2 Mould materials and molding process 
3.4.3 Melting process and cast material 
3.4.4 Temperature measurement 
3.4.5 Rate of solidification 
3.4.6 Types of specimens 
3.5 Hardness testing 
3.6 Ultimate tensile strength testing 
3.6.1 INSTRON 8500 
3.6.2 Gunt Hamburg Universal Material Tester 
3.7 Micrographs preparation 
3.8 Method of measurement for SDAS 
RESULTS FOR NUMERICAL SIMULATION 
4.1 Results and discussions for numerical simulation 
4.1.2 Mold filling 
4.1.3 Solidification 
4.2 Conclusions 
RESULTS FOR EXPERIMENTAL WORK 
5.1 Preliminary study of LM6 sand casting 
5.1.1 Cooling curve 
5.1.2 Hardness 
5.1.3 Metallurgical studies based on 
microstructural analysis 
5.2 Grain refinement of LM6 A1-Si alloy sand castings 
5.2.1 Cooling curve and solidification rate. 
5.2.2 Effect of grain refinement on 
mechanical properties 
. . . 
X l l l  
LIST OF TABLES 
Tables Page 
LM6 chemical compositions (in weight percentage). 
Material variables of experiments. 
Hardness of LM6 sand casting. 
Cooling rates for LM6 sand casting. 
Linear correlation equations between cooling rate ( E ,  oC/s) 
and grain refiner level (GRL,% wt). 
UTS of LM6 sand casting for INSTRON 8500 and Gunt 
Hamburg 
Hardness data for grain-refined LM6 sand casting 
(1 5T Rockwell Scale). 
Linear correlation equations between SDAS (A, micron) 
and modulus. 
EDS spectrum analysis of original LM6 and 0.5wt% A15Ti 1 B 5-52 
grain refined LM6 castings. 
10 Comparison of Sr-A1 and Na Modifiers in the Foundry 
1 1 EDS spectrum analysis of OSwt% A15Ti 1 B grain refined 
LM6 and Sr-modified LM6 castings. 
12 Modulus of Elasticity for LM6 sand castings. 
Figures 
LIST OF FIGURES 
Page 
Examples of aluminum alloy sand casting products (courtesy of 2-45 
Hayes Lemmerz International, Inc.). 
Two forms of mold, (a) open mold ; (b) closed mold. 2-45 
Schematic illustration of a sand mold, showing various features. 2-46 
Purging C02 into sand mold to cure sodium silicate-sand 2-46 
mixture. 
Various sprue base design. 
Typical gating system with sprue well and runner extension. 
Relation of casting shape factor to minimum effective riser 
volume expressed as a fraction of casting volume. 
Feeding distance relationships for plates. 
Kinetic undercooling. 
10 Thermal undercooling. 
11 Schematic region of a phase diagram for a solid solution alloy. 2-5 1 
12 Change of free energy due to the formation of a spherical 
crystal. 
13 Heterogeneous nucleation of a solid on a nucleating agent. 
14 Schematic illustration of three cast structures of metals 
solidified in a square mold. 
15 Schematic illustration of three basic types of cast structures. 
16 Thermal equilibrium diagram for two metals forming a eutectic. 2-53 
17 The equilibrium diagram involving a peritectic reaction. 
xvi 
18 Equilibrium phase diagram of Al-Si system. 
Three possible eutectic growth morphologies. 
A1-Ti phase diagram showing 0.15% Ti as the peritectic 
concentration. 
Effect of Ti:B atomic ratio on DAS. 
Macrograph of grain-refined and non-grain refined pure Al. 
Interface morphology of the eutectic liquidlsolid interface. 
Temperature distribution during the filling of the wheel. 
Critical areas for feeding due to isolated hot spots. 
Boundary conditions for the load stress analysis. 
Stress distribution in the wheel under the testing load 
No more porosity detected after optimization with 
additional cooling channels 
Stress in the optimized wheel under the test load, reduced by 
50%. 
30 Preliminary runner-gating system 
3 1 Short shot filling test. 
32 Cast thin-walled magnesium hand phone part with 
macro pore-free microstructure. 
33 Flow chart of MAGMAsoft simulation procedure. 
34 Mold systems for M1 (left) and M2 (right) models. 
35 Specific heat (Cp) 
36 Thermal conductivity (k) 
37 Density (p) 
xvii 
38 Molding system design and cast dimensions 
39 Patterns and sand mould 
40 Wood pattern of tensile test piece mold. 
41 Carbon dioxide gas cylinder 
42 Degassing of sand mold 
43 Electrical furnace 
44 Delogger connected with K-type thermocouples to measure and 3-21 
capture real-time temperature profiles 
45 Solidification process of an alloy 
46 Sectional plane on which hardness is tested 
47 INTRON 8500 tensile tester equipped with digital control 
system 
48 Tensile test specimen for Gunt Hamburg universal tester 
49 Gunt Hamburg Universal Material Tester 
50 The mounting of specimen at the gripping heads 
5 1 Polishing machine 
52 Optical microscope equipped with imaging system 
53 Scanning electron microscope with EDS system 
54 Illustration of eutectic phase and SDAS. The white phase is 
a-A1 dendrite 
55 20% cavity fill (model MI) 
56 40% cavity fill (model MI) 
57 60% cavity fill (model MI) 
58 90% cavity fill (model M1) 
xviii 
59 70% cavity fill (model M2) 
60 90% cavity fill (model M2) 
61 Filling time (model M2) 
62 Temperature contour at 100% solidification (model MI) 
63 Temperature contour at 100% solidification (model M2) 
64 Temperature profiles of control points (model MI) 
65 Temperature profiles of control points (model M2) 
66 Cooling curve of original LM6 sand casting for different 
modulus sections 
67 Hardness vs. section modulus of LM6 sand casting 
68 Linear correlation between hardness and section modulus of 
LM6 sand casting 
69 LM6 Microstructure of section of modulus 2.25, magnified at 5-24 
50x 
70 LM6 Microstructure of section of modulus 4.08, magnified 
at 50x 
71 LM6 Microstructure of section of modulus 6.9, magnified 
at 50x 
72 LM6 Microstructure of section of modulus 8.96, magnified at 
50x 
73 Typical micrograph of unmodified commercial A1-Si alloy 
74 SEM image and EDS analysis of micropore of LM6 
sand casting (x50) 
75 Cooling curve of section modulus 2.25 for LM6 sand casting 
grain-refined with A1-5Ti- 1 B 
76 Cooling curve of section modulus 4.08 for LM6 sand casting 
grain-refined with A1-5Ti- 1 B 
xix 
I 1 Cooling curve of section modulus 6.9 for LM6 sand casting 
grain-refined with A1-5Ti- 1 B 
78 Cooling curve of section modulus 8.96 for LM6 sand casting 
grain-refined with A1-5Ti- 1 B 
79 Solidification rate of LM6 sand casting grain-refined with 
A1-ST- 1 B 
80 Linear correlation between solidification rate ("CIS) and grain 5-30 
refiner level (wt%) 
81 UTS varies with grain refinement level for LM6 sand casting 
82 Hardness varies with grain refinement level for LM6 sand 
casting 
83 LM6 microstructure grain-refined by 0.25wt% A1-5Ti- 1 B, 
modulus 2.25, (x50) 
84 LM6 microstructure grain-refined by 0.25wt% A1-5Ti-IB, 
modulus 4.08, (x50) 
85 LM6 microstructure grain-refined by 0.25wt% A1-5Ti-lB, 
modulus 6.9, (x50) 
86 LM6 microstructure grain-refined by 0.25wt% A1-5Ti-IB, 
modulus 8.96, (x50) 
87 LM6 microstructure grain-refined by 0.5wt% Al-5Ti- 1 B, 
modulus 2.25, (x50) 
88 LM6 microstructure grain-refined by 0.5wt% Al-5Ti-lB, 
modulus 4.08, (x50) 
89 LM6 microstructure grain-refined by 0.5wt% A1-5Ti- 1 B, 
modulus 6.90, (x50) 
90 LM6 microstructure grain-refined by 0.5wt% Al-5Ti-lB, 
modulus 8.96, (x50) 
91 LM6 microstructure grain-refined by 0.75wt% A1-5Ti-lB, 
modulus 2.25, (x50) 
LM6 microstructure grain-refined by 0.75wt% Al-5Ti-lB, 
modulus 4.08, (x50) 
LM6 microstructure grain-refined by 0.75wt% A1-5Ti- 1 B, 
modulus 6.9, (x50) 
LM6 microstructure grain-refined by 0.75wt% A1-5Ti-lB, 
modulus 8.96, (x50) 
LM6 microstructure grain-refined by 1 .OW% Al-5Ti- 1 B, 
modulus 2.25, (x50) 
LM6 microstructure grain-refined by 1 .OW% A1-5Ti- 1 B, 
modulus 4.08, (x50) 
LM6 microstructure grain-refined by 1 .OW% A1-5Ti- 1 B, 
modulus 6.9, (x50) 
LM6 microstructure grain-refined by 1 .OW% A1-5Ti- 1 B, 
modulus 8.96, (x50) 
SDAS vs. section modulus for each grain refinement level for 5-40 
LM6 sand casting 
Linear correlation between SDAS (micron) and modulus 
SEM micrographs of LM6 sand casting (modulus 4.08) 
102 SEM micrographs of 0.5wt% A1-5Ti- 1 B grain-refined 
LM6 sand casting (modulus 4.08) 
103 EDS spectrum of original LM6 sand casting (modulus 4.08) 
104 EDS spectrum of OSwt% Al-5Ti- 1B grain-refined LM6 sand 
casting (modulus 4.08) 
105 Cooling curve of Sr-modified LM6 sand casting 
106 Cooling curve of 0SW% A1-5Ti-1 B grain-refined LM6 
sand casting 
107 Pre-solidification cooling rates of modified and unmodified 
LM6 
xxi 
108 Effect of grain refiner and modifier on hardness 
Effect of grain refiner and modifier on UTS 
Effect of grain refiner and modifier on strain at fracture 
Fracture surfaces of tensile test piece 
Microstructures of Sr-modified LM6, modulus 2.25 (x50) 
Microstructures of Sr-modified LM6, modulus 4.08, (x50) 
Microstructures of Sr-modified LM6, modulus 6.9, (x50) 
Microstructures of Sr-modified LM6, modulus 8.96, (x50) 
Microstructural characteristics of Sr-modified LM6 
sand casting 
SDAS of original, grain-refined and Sr-modified LM6 
sand castings 
EDS spectrum of (O.Swt%Al-5Ti- 1B + 0.5wt% Al- 1 OSr) 
modified LM6 sand casting 
1 19 Histogram of modulus of elasticity 
120 Specimen attached with strain gage 
xxii 
LIST OF ABBREVIATIONS 
C, Co Alloy composition 
Specific heat at constant volume, (J.kg-'.K-') 
Species diffusivity (m2.s-') 
Internal energy (Jlmole or J/m3) 
Gibbs free energy (Jlmole or J/m3). 
Enthalpy (Jlmole, ~ l m ~ ,  Jkg) 
Pressure (Pa) 
Gas constant (JImollK) 
Temperature (K or OC) 
Liquidus temperature (K) 
Solidus temperature (K) 
Entropy (J.mo1-' .K-' or J.me3 .K-') 
Velocity (rnls) 
Specific heat (J.~".K-') 
Mass fraction of phase 
Volume fraction of phase 
Gravitational acceleration (rn.d2) 
Heat transfer coefficient (w.rne2.K-') 
Solute partition coefficient; Thermal conductivity ( ~ . m - '  .K1) 
Slope of liquidus line (K.wt%-') 
xxiii 
Number of atoms (moles) 
time 
volume (m3) 
change in volumetric free energy (J.m4) 
latent heat of fusion (J.kg-') 
Undercooling (K) 
Gibbs-Thomson coefficient (m.K) 
Thermal difisivity (m2.s-') 
Thermal expansion coefficient (K-') 
Dynamic viscosity ( ~ . m - ~ .  s) 
Cooling rate (Ws) 
Interphase spacing (m) 
Spatial volume 










Metal casting is basically a process in which molten metal is poured by gravity or 
injected with pressure into a mold cavity to produce the desired product. Most of the 
cast products are in finished goods form which requires minimum level of machining 
and surface finishing to achieve the desired tolerance and surface quality. The 
casting process often involves flow which is usually transient and non-isothermal 
with ongoing solidification as the molten material flows through the mold [I]. Many 
industrial parts and components are produced by the method of casting, including 
engine blocks, crankshafts, automotive components, railroad equipment, plumbing 
fixtures, power tools, very large components for hydraulic turbines and so on [2]. 
Most of the casting operations are carried out in foundries. Foundry operations 
involve two major separate activities for the manufacture of casting products. The 
first activity is pattern and mold making, traditionally performed manually by 
experienced workers, which now regularly utilize computer-aided design and 
manufacturing and rapid prototyping techniques in modern manufacturing 
environment. The approach of advanced manufacturing techniques such as CAE and 
rapid prototyping is vital to minimizing trial-and-error operations which is time 
